Abstract: Vertical tubes with inverted triangular fins under natural convection are investigated experimentally. The thermal resistances of tubes with inverted triangular fins are measured for various fin numbers, fin heights, and heat inputs. A Nusselt number correlation that best predicts the measured thermal resistances is proposed. The proposed correlation is applicable to the following conditions: Rayleigh numbers of 1000-125,000, fin height to fin length ratios of 0.2-0.6, and fin numbers of 9-72. Finally, a contour map of the thermal resistances calculated from the proposed correlation for various fin thicknesses and fin numbers is presented. The contour map shows that there exist optimal values of the fin thickness and fin number at which the thermal resistance of the inverted-triangular-finned tube is minimized. Therefore, the proposed correlation enables a search for the optimal dimensions and has potential to be used in the designing of inverted-triangular-finned tubes of various cooling devices.
Introduction
Owing to the recent advances in energy conversion systems, heat dissipation from these systems increases rapidly, and cooling devices for these systems become indispensable components to ensure good performance and high reliability. For example, with recent advances in energy-efficient and reliable light-emitting diodes (LEDs), LED lighting is increasingly being employed in various lighting systems, such as household lamps and automotive lamps [1] . When electrical power is converted to light in the LED lighting, 60-80% of the electrical power dissipates as heat [2] . If the luminous efficacy, i.e., the ratio of luminous power to electrical power, is 100 lm/W, a 2400 lm LED lighting system requires an electrical power of 24 W and generates heat of 14-19 W. Ineffective dissipation of this generated heat may cause a significant decrease in the luminous efficacy and the time to failure owing to degradation of the LED material and the transparent package [3] [4] [5] [6] [7] . Therefore, a cooling device of LED lighting is an indispensable component to ensure good performance and high reliability of the lighting. Among the various cooling devices that have been proposed, thus, far [8, 9] , the most commonly used ones are heat sinks under natural convection. This is because the cooling device is required to be reliable, silent, energy-efficient, and cost-effective. Therefore, as presented in Table 1 , many previous researchers investigated natural convection from flat and curved surfaces [10] [11] [12] [13] . Furthermore, many previous researchers focused on natural convection from finned surfaces [14] [15] [16] [17] , because the finned surfaces have better thermal performances compared to the bare surfaces. Many previous studies have investigated radial heat sinks under natural convection. A radial heat sink has a thin disk and fins that are attached on top of the base and are arranged radially ( Figure 1 ). Yu et al. conducted a comprehensive numerical and experimental investigation of natural convection from a plate-fin heat sink [18] . They investigated the effects of the fin number, fin height, fin length, and heat flux on the thermal resistance and found the correlation for predicting the Nusselt number. Costa and Lopes also numerically studied natural convection from the plate-fin heat sink; they proposed a procedure for finding the geometrical configuration of the heat sink that minimizes the mass when the required thermal performance is given [19] . Yu et al. numerically investigated the thermal performance of a plate-fin heat sink with different fin lengths; they showed that the heat sink with long and intermediate fins exhibited superior thermal performance to those with only long fins and those with long, intermediate, and short fins [20] . Jang et al. numerically optimized the thermal performance and mass of a pin-fin heat sink; they found that the pin-fin heat sink can reduce the mass by 30% compared to the plate-fin heat sink, without any loss of thermal performance [21] . Jang et al. numerically investigated the thermal performance of a pin-fin heat sink with different fin heights; they showed that the thermal performance can be improved by employing taller pin-fins in the outer region [22] . Park et al. numerically optimized the thermal performance of a heat sink with a staggered array of pin-fins; they found that the staggered pin-fin heat sink has a 10% higher optimal performance than the in-line pin-fin heat sink at a given mass [23] . The effects of a hollow cylinder and a chimney attached to a heat sink on the thermal performance were also investigated in different studies [24, 25] . These studies revealed that the thermal performance of the heat sink improved through installation of the hollow cylinder or the chimney because of the increase in the flow rate through the heat sink. 
Reference
Geomertry Authors [10] Vertical plates Churchill and Chu [11] Horizontal plates Goldstein et al. [12] Vertical cylinders Minkowycz and Sparrow [13] Horizontal cylinders Churchill and Chu [14] Rectangular-finned horizontal plates Harahap and McManus [15] Rectangular-finned vertical plates Welling and Wooldridge [16] Square-finned horizontal tubes Sparrow and Bahrami [17] Annular-finned horizontal tubes Yildiz and Yüncü On the other hand, many previous studies investigated the use of radially-finned tubes under natural convection. A radially-finned tube has a thick tubular base and fins that are attached radially on the side of the base (Figure 2 ). An et al. conducted an experimental investigation of natural convection from a plate-finned tube (Figure 2a ) [26] ; they investigated the effects of the fin number, fin height, and heat flux on the thermal resistance and found the correlation for predicting the Nusselt number. Park et al. experimentally investigated the thermal performance of a branched finned tube [27] ; they found that it has a 36% higher optimal performance than the plate-finned tube. Jang et al. numerically investigated the effects of cross-cuts on the thermal performance of a finned tube ( Figure 2b) ; they showed that the orientation dependence of the thermal performance of the finned tube with cross-cuts is smaller than that of the plate-finned tube [28] . Presently, triangular-finned tubes are being widely used to cool retrofit LED bulbs ( Figure 3 ). The orientation of these bulbs is not fixed, and they can be installed in the inverted orientation for some uplights in some cases. As a result, triangular-finned tubes can be used in the inverted orientation (Figure 3b ). Heat sinks under natural convection generally show the highest thermal resistance when they are inverted [25] . Therefore, it is important to obtain the thermal resistances of inverted-triangular-finned tubes quantitatively. However, to the best of our knowledge, natural convection from these inverted-triangular-finned tubes has not yet been extensively investigated experimentally.
The present study experimentally investigates vertical tubes with inverted triangular fins under free convection by extending our recent study on a tube with normal triangular fins [29] . The thermal resistances of tubes with inverted triangular fins are measured for various fin numbers, fin heights, and heat inputs. A Nusselt number correlation that best predicts the measured thermal resistances Energies 2017, 10, 1183 3 of 13 is proposed. Finally, a contour map of the thermal resistances calculated from the proposed correlation for various fin thicknesses and fin numbers is presented. From the contour map, the minimal thermal resistance of the vertical tube with inverted triangular fins and the conditions under which the thermal resistance is minimized are found.
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Experimental Investigation
The thermal resistances of tubes with inverted triangular fins, whose schematic diagram is shown in Figure 3b , were measured for various heat inputs q, fin heights H, and fin numbers N. The sizes of the tested finned tubes are tabulated in Table 2 . As shown in the table, 12 different heat sinks with various fin heights and fin numbers were chosen. The finned tubes were composed of tubular bases and triangular fins, and they were constructed by interference fitting of the bases and fins. The bases were made of 6061 aluminum alloy, whose conductivity is 167 W/m·°C, and the fins were made of 5052 aluminum alloy, whose conductivity is 138 W/m·°C. The finned tube was sandwiched between Teflon blocks for supporting and insulating its top and bottom sides (Figure 4a,b) . Then, 0.5-15.5 W of heat was applied to the finned tube by using a cartridge heater, which was mounted inside the finned tube (Figure 4c ). This cartridge heater was operated by applying an electrical potential from a power supply (E3633A, Agilent Technologies, Santa Clara, CA, USA). The base temperatures were measured using four T-type thermocouples attached on the base. These thermocouples were connected to a data acquisition unit (34970A DAQ, Agilent Technologies) for converting temperature-dependent voltages obtained from the thermocouples to temperatures. The surrounding temperatures were also measured. The entire experimental setup was isolated in a 
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The thermal resistances of tubes with inverted triangular fins, whose schematic diagram is shown in Figure 3b , were measured for various heat inputs q, fin heights H, and fin numbers N. The sizes of the tested finned tubes are tabulated in Table 2 . As shown in the table, 12 different heat sinks with various fin heights and fin numbers were chosen. The finned tubes were composed of tubular bases and triangular fins, and they were constructed by interference fitting of the bases and fins. The bases were made of 6061 aluminum alloy, whose conductivity is 167 W/m· • C, and the fins were made of 5052 aluminum alloy, whose conductivity is 138 W/m· • C. The finned tube was sandwiched between Teflon blocks for supporting and insulating its top and bottom sides (Figure 4a,b) . Then, 0.5-15.5 W of heat was applied to the finned tube by using a cartridge heater, which was mounted inside the finned tube (Figure 4c ). This cartridge heater was operated by applying an electrical potential from a power supply (E3633A, Agilent Technologies, Santa Clara, CA, USA). The base temperatures were measured using four T-type thermocouples attached on the base. These thermocouples were connected to a data acquisition unit (34970A DAQ, Agilent Technologies) for converting temperature-dependent voltages obtained from the thermocouples to temperatures. The surrounding temperatures were also measured. The entire experimental setup was isolated in a quiescent space (the room was closed before the experiment, people were blocked from entering the room during the experiment, and the temperature of the room was 19 ± 2 • C. The air velocity was measured by using a hot wire anemometer (VT50, Kimo Instruments, Edenbridge, UK), and was less than 0.05 m/s.) The temperatures were measured only when the temperature variation in 3 min was smaller than 0.2 • C.
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Results and Discussion
The differences between the tube base temperatures and the ambient temperatures (∆T) for various fin heights (H), fin numbers (N), and heat inputs (q) were measured, as shown in Figure 5 and Table 3 . Then, from the temperature differences, the thermal resistances of the inverted-triangular-finned tubes were obtained, as shown in Figure 6 and Table 3 . The thermal resistance R is defined as the temperature difference per unit heat input, and it is expressed as:
As shown in Figure 6 , the thermal resistance of the inverted-triangular-finned tube is minimized when the fin height is 0.03 m and the fin number is 36. In the case of the normal vertical orientation investigated in a previous work [29] , the thermal resistance is also minimized at the same fin height and fin number. Therefore, regardless of the orientation, the finned tube with the fin height of 0.03 m and fin number of 36 has the lowest thermal resistance among the 12 examined finned tubes.
The thermal resistance R is closely related to the fin efficiency η, the heat transfer coefficient h, the fin surface area A f , the unfinned surface area A b , and the effective surface area A eff . The thermal resistance satisfies:
where:
Here, k s and k f are the solid thermal conductivity and fluid thermal conductivity, respectively. The Nusselt numbers Nu L in Equation (5) can be obtained from the calculated thermal resistances by using Equations (2)-(6), and they are tabulated in Table 3 . In the present study, the Nusselt number correlation for vertical tubes with inverted triangular fins that best predicts the measurement results is proposed on the basis of analysis of previous In the present study, the Nusselt number correlation for vertical tubes with inverted triangular fins that best predicts the measurement results is proposed on the basis of analysis of previous studies. Harahap and McManus [14] investigated natural convection from a plate finned horizontal surface. They non-dimensionalized the continuity, momentum, and energy equations and found that the Nusselt number depends on Ra H A c /LH, L/H, and S ave /H. Ra H A c /LH is related to the dimensionless fluid velocity. L/H and S ave /H denote the dimensionless fin length and dimensionless fin-by-fin spacing, respectively. Further, Ra H , A c , and S ave denote the Rayleigh number, cross-sectional area of the buoyancy-induced vertical flow, and average fin-by-fin spacing, respectively. Flow and temperature fields around vertical tubes with inverted triangular fins also satisfy their governing equations, and their analysis is also suitable for developing the Nusselt number correlation for vertical tubes with inverted triangular fins. Therefore, in the present study, the Nusselt number is assumed to depend on Energies 2017, 10, 1183
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Ra H A c /LH, S ave /H, and L/H. In the case of the vertical tube with inverted triangular fins, Ra H , A c , and S ave are, respectively, expressed as:
and the Nusselt number is expressed as:
Next, a proper function for the Nusselt number correlation (Equation (10)) is found by considering the characteristics of the Nusselt number for finned tubes under natural convection. The Nusselt number has the following characteristics:
(a) When the fin-by-fin spacing is large enough, the thermal boundary layer growing on a fin is unaffected by the thermal boundary layers growing on nearby fins. Therefore, in this case, the Nusselt number does not depend on the fin-by-fin spacing S ave . (b) When the fin-by-fin spacing is small, the thermal boundary layer on a fin merges with thermal boundary layers growing on nearby fins. The amount of overlap increases as the fin-by-fin spacing decreases. As a result, as the fin-by-fin spacing decreases, the Nusselt number decreases monotonically. (c) In the case of natural convection, buoyancy caused by the temperature difference drives the fluid flow. As a result, the Nusselt number increases monotonically as the temperature difference increases.
Various functions that possess these characteristics are examined using the least-squares fitting method in order to determine whether they can predict the experimental results well. Finally, it is found that the measurement results are predicted best when the functional form is:
when the corresponding empirical coefficients are:
In other words, the Nusselt number correlation for the inverted-triangular-finned tube is:
The suggested Nusselt number correlations has the following characteristics:
(a) The Nusselt number increases as Ra H A c /LH increases. This is because buoyancy caused by the temperature difference drives the fluid flow in the case of natural convection, and the Nusselt number increases monotonically as the temperature difference increases. It is because the thermal boundary layer growing on a fin is unaffected by the thermal boundary layers growing on nearby fins when the fin-by-fin spacing S ave is large enough. (c) The Nusselt number decreases monotonically as S ave /H decreases when (S ave /H) << 0.235.
It is because the thermal boundary layer on a fin merges with thermal boundary layers growing on nearby fins when the fin-by-fin spacing S ave is small, and the amount of overlap increases as the fin-by-fin spacing decreases.
Energies 2017, 10, 1183 9 of 13 (d) The last term of the correlation (L/H) 0.376 is related to the length dependence of the heat transfer coefficient. As a result, the heat transfer coefficient h is proportional to L 0.376−0.213−1 = L −0.837 , and the heat transfer coefficient decreases as the length increases. This is because the local thermal boundary layer thickness increases as the distance from the bottom side of the finned tube increases, and the average thermal boundary layer thickness decreases as the length increases. Figure 7 shows a comparison of the Nusselt numbers obtained using the proposed correlation with those obtained from the experimental data. This figure shows that the experimental results are predicted well by the proposed correlation, within a ±15% error. The proposed correlation is applicable to the conditions of Rayleigh numbers of 1000-125,000, fin height to fin length ratios of 0.2-0.6, and fin numbers of 9-72, within which ranges the thermal resistances were measured and the Nusselt numbers were calculated.
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Conclusions
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